Introduction
When operating at off-design conditions, the impellers of centrifugal pumps with volute casings are subjected to some static radial thrust, due to the nonuniform distributions of pressure and moment flux around the impeller ͓1͔. These pumps can also present nonsteady radial forces, which are mostly associated with the frequency of rotation and the blade passage frequency ͑and with their harmonics͒. Excitation at the frequency of rotation may be due to small manufacturing imperfections and mechanical unbalance. Excitation at the blade passage frequency is the consequence of the nonuniform distribution of the flow coming out the impeller from both sides of each blade, due to the differences between pressure and suction sides ͑jet-wake flow pattern͒. In centrifugal pumps with vaned diffusers significant excitation may also exist at the diffuser vane passage frequency. Other frequencies can be excited too, with mechanical origin ͑impeller whirling͒ or purely hydrodynamic origin ͑rotating stall͒.
The magnitude of the resulting dynamic forces is affected by the rotor-stator interaction through the flow, and hence it is dependent on the point of operation of the pump. In the case of excitation at the blade passage frequency, the dominant factor is the interaction between the blades of the impeller and the tongue of the volute. Among others, this blade-tongue interaction was studied by Lézé et al. ͓2͔ , who conducted extensive pressure fluctuation measurements to quantify the unsteady pressure field in both impeller ͑with front shroud removed͒ and volute of a fan and relate the pressure field to the noise generation mechanisms.
Chu et al. ͓3-5͔ used particle image velocimetry complemented with noise and pressure measurements to measure the velocity distribution and compute the unsteady pressure field in the near-tongue region of the volute of a centrifugal pump. This pump was operating 35% above design flow-rate during tests, and it could be equipped with several different volutes having tongue gaps ranging from 7% to 28% of the impeller radius. They obtained an exhaustive description of the flow, which led them to conclude that primary sources in noise generation are associated with the interaction of the nonuniform outflux from the impeller ͑jet-wake phenomenon͒ with the tongue, and that small increments in the gap between impeller and tongue ͑up to gap values of 20% of the impeller radius͒ cause significant reduction of noise levels.
Morgenroth and Weaver ͓6͔ investigated the transmission to the ducting system of the blade passing frequency pressure fluctuations from a pump, for different rotational speeds and flow-rates, by identifying the acoustic wave modes from the signals of several pressure transducers along the pipeline. They found that when acoustic resonance occurred the magnitude of the pressure was a minimum for the best efficiency flow-rate. They also tested several tongues with different tip radius while keeping a constant gap between impeller and tongue ͑5.8% of impeller radius͒, and found that rounding the tongue tip resulted in a reduction of the emitted noise.
Kaupert and Staubli ͓7͔ investigated the unsteady pressure field within a high specific speed centrifugal impeller operating in a double spiral volute, by means of 25 piezoresistive pressure transducers mounted along one single channel and a telemetry system to transport the pressure signals. They measured the pressure pulses induced by both tongues ͑tongue passing frequency͒, which propagated upstream along each channel. The pulses amplitude was particularly high at the trailing edge of the blades, on their pressure sides, and reached 35% of the pump head at off-design conditions. This paper presents an experimental study on the unsteady pressure field around the outlet of the impeller of an industrial centrifugal pump with volute casing ͑nondimensional specific speed S ϭ0.48͒. This study is a continuation of previous work ͓8͔ on a similar pump with a larger clearance between tongue and impeller ͑15.8% of impeller radius instead of 10% in the present study͒. Particular attention has been paid to the dependence of the blade passing frequency excitation on the point of operation of the machine. For this purpose four piezoelectric pressure transducers were placed at 36 locations around the front side of the volute casing. The pressure signals were FFT processed to analyze the amplitude and phase delay of the fluctuations as a function of position and flow-rate. The experimental data obtained were then used to adjust the parameters of a simple acoustic model for the volute by means of a least square error procedure. The results obtained permitted a quantification of the effects of the hydrodynamic blade-tongue interaction on the unsteady pressure field in the volute and the generation of noise.
Experimental Equipment
The pump used for this investigation had single axial suction and spiral volute casing ͑Fig. 1͒, and it was equipped with an impeller of 200 mm in outer diameter and 7 backward curved blades with logarithmic profile. Other impeller dimensions were: inlet diameter (tip)ϭ52 mm, discharge width b 2 ϭ16.9 mm, blade angle at outletϭ29 deg, rake angle (outlet pressure side) ϭ10 deg, rake angle (outlet suction side)ϭ29 deg ͑Fig. 1(c)͒. The cross-section of the volute increased linearly from 2.5 to 40 cm 2 , with a minimum gap between tongue and impeller of 10 mm ͑ϭ10% of impeller radius͒.
The pump was tested in a hydraulic set-up designed according to ISO 3555:1977 , in which appropriate piping permitted the water to be pumped from and returned to a reservoir with a capacity of 40 m 3 ͑Fig. 2͒. Flow-rate could be finely regulated by means of a set of butterfly valves located close to the discharge reservoir. The flow-rate was measured with an Ultraflux UF321 ultrasonic flow-meter ͑up to 0.008 m 3 /s͒ and with a calibrated orifice plate connected to an inclined piezo-metric mercury manometer ͑flow-rates above 0.008 m 3 /s͒. Measurement uncertainty was estimated to be less than Ϯ2.5% for flow-rate values greater than 0.0085 m 3 /s, and less than Ϯ4% for the lower flow-rates. The pump was driven by a DC-motor governed by a regulation device that allowed for continuous adjustment of the rotational speed, with a precision of Ϯ1.0 rpm. Figure 3 shows the head and efficiency performance curves obtained for the pump, which indicate a best efficiency flow coefficient of 0.081 ͑maximum relative uncertainty was Ϯ1.5% for the head and Ϯ5.0% for the efficiency͒. This corresponds to a best efficiency flow-rate Q N ϭ0.0145 m 3 /s and a nominal head H N ϭ15.04 m when the pump is run at 1620 rpm, which is the nominal speed used in the tests. For a special series of tests this speed was varied up to 2520 rpm, but even at this velocity and with the maximum flow-rate achieved (0.036 m 3 /s), the NPSH available at the pump inlet was at least twice the NPSH required by the pump, according to the manufacturer's technical data. So, all the tests were carried out with no cavitation in the pump.
Pressure taps with 2 mm diameter were located every 10 deg around the front side of the volute, at 2.5 mm from the outlet of the impeller ͑Fig. 1͒. Static pressure at those positions could be obtained with a Kistler 4043A10 piezo-resistive pressure transducer and a current amplifier, which provided absolute pressure values with an uncertainty of less than Ϯ0.5% ͑according to manufacturer's data͒. Also, four Kistler 701A miniature fastresponse piezo-electric pressure transducers ͑natural frequency Ͼ70 kHz͒ could be installed on the wall of the volute at any of the 36 tap locations, in order to measure the unsteady pressure. These transducers were mounted inside a special adapter, with an internal cavity previously filled with water ͑Fig. 1(b)͒. The calculated resonance frequency of the cavity ͑assumed as a Helmholtz resonator͒ was 8.8 kHz, more than 20 times above the range of frequencies considered in this study ͑0-400 Hz͒.
Calibration checks were conducted by comparing the response of each piezoelectric pressure transducer, with its mounting adapter, to the response of another reference transducer. This reference transducer was piezo-resistive ͑a Kistler 4043A10͒. For these tests the two transducers were located at a very close position from each other along the outlet pipe, so that they were exposed to the pressure perturbations emitted from the pump. The reference transducer was installed directly on the wall of the pipe, flush-mounted with respect to the internal surface, whereas the other transducer was installed by means of the connecting adapter indicated above. As expected, the response of both transducers at the frequencies of interest ͑rotation frequency, blade-passing frequency and harmonics͒ were the same for each different flow-rate, with differences of less than 1%, i.e., the mounting adapters of the transducers did not introduce any disturbing effect on the measurements. Each of the transducers was connected to a charge amplifier Kistler 5037-A ͑frequency bandwidth of 30 kHz͒, which provided pressure measurements with a combined uncertainty of less than Ϯ1.5%, according to manufacturer's data. The resulting pressure signals, as well as the signal from an optical tachometer, could be digitized and stored in a personal computer equipped with a multichannel digital-to-analog conversion card. Spectral analysis of the signals was then performed by software.
Static Pressure Distribution
To begin with, a series of tests was conducted to measure the static pressure along the volute, as a function of the flow-rate, by means of the piezo-resistive pressure transducer. Figure 4 shows the peripheral distribution of the static pressure, relative to the total pressure P 0 at the pump inlet, for several values of the flowrate; angular position is zero at the edge of the tongue and it increases with anticlockwise orientation ͑see Fig. 1͒ . In agreement with the trends indicated in classic texts ͓1͔, the static pressure around the volute is quite uniform for flow-rates close to the best efficiency point, but it exhibits either a maximum for low flowrates or a minimum for high flow-rates in the region ϭ300-330 deg. Also, a sharp pressure decrease may be observed for the smallest flow-rates close to the volute tongue ( ϭ10-20 deg). These nonuniform pressure distributions are related to the acceleration ͑high flow-rates͒ or deceleration ͑low flow-rates͒ of the flow along the volute for off-design conditions. The nonuniformity of the pressure in the volute is seen from the flow in the rotating impeller as an unsteady boundary condition, and thus it affects the resulting fluctuations in the pressure field.
Unsteady Pressure Measurements
For the fluctuating pressure measurements, each of the four piezoelectric pressure transducers was mounted at some given position around the volute. During each test the flow-rate was progressively increased from 0 to 1.6•Q N , with steps of 0.1•Q N , where Q N ͑best efficiency flow-rate͒ is equal to 0.0145 m 3 /s for the nominal rotational speed of 1620 rpm. For each flow-rate, 50 samples of 1 second long and a digitizing frequency of 1024 Hz were recorded in the computer simultaneously for the four pressure signals and the tachometer signal. Check tests proved that this procedure was sufficient to obtain consistent and repeatable results. After the tests, each recorded sample was FFT processed ͑a Hanning window was used͒, and then the frequency averaged power spectrum and cross-power spectrum between signals were finally obtained. The power spectrum provides a direct measure of the amplitude of the fluctuations at each frequency, whereas the phase of the cross-power spectrum provides a measure of the phase delay between the fluctuations of two signals, if acquired simultaneously.
During these series of tests, three of the four piezoelectric pressure transducers were progressively moved around the volute until covering the 36 pressure taps. The remaining transducer was located permanently at the tap with ϭ20 deg, the one labeled as R in Fig. 1 , so that examination of the corresponding spike amplitude at a given frequency and for a given flow-rate permitted to check the maintenance of the flow conditions between successive tests. After 12 series of measurements of the pressure power spectrum at position R, the standard deviation of the zero-to-peak amplitude at the blade passage frequency was found to be less than 0.0006 ͑non-dimensional value͒ for each of the 17 flow-rates tested. Figure 5 shows the evolution with respect to the flow-rate of the power spectrum of the pressure pulsations at the measurement positions ϭϪ10 and ϭ20 deg ͑the reference position R͒. As expected, the predominant spikes correspond to the frequency of rotation of the impeller ͑27 Hz͒ and in particular to the blade passage frequency ͑189 Hz͒, together with their respective harmonics. Though both measurement positions are quite close from each other, the trends shown in the spectra are very different, because each position is at one different side of the tongue edge. This is further discussed below for the pressure fluctuations at the blade passage frequency.
Another series of tests was conducted to check the existence or not of acoustic resonance phenomena in the piping ͓6͔. For such purpose the pump was run at several speeds ranging from 1020 to 2520 rpm, while monitoring the pressure fluctuations at the reference position R and at the inlet and outlet of the pump. The results obtained for position R, at the corresponding blade passage frequency, are shown in Fig. 6 as a function of the relative flow-rate. All the curves are seen to converge in a relatively narrow band, as expected from similarity considerations, except the one associated to 2040 rpm for the low range of flow-rates. This particular behavior was identified to be associated to an acoustic resonance in the suction line ͑a transducer located at the pump inlet gave pressure amplitudes at f BP that were up to 8 times greater than for normal conditions͒. Interestingly, after some investigation the phenomenon was found to disappear when slightly opening a butterfly valve located in a branch of the suction pipe ͑V4 in Fig. 2͒ , Transactions of the ASME though that branch leaded to a dead end and, hence, in no case there was any flowing water through it ͑valve V5 in Fig. 2 was always closed͒. These tests permitted to ensure that no special acoustic phenomena in the piping affects the pressure measurements now reported ͑obtained with a speed of 1620 rpm.͒.
Results at the Blade Passage Frequency
For each of the 36 measurement positions the amplitude and the phase of the pressure fluctuations at the blade passage frequency was obtained as a function of the flow-rate, in a fashion similar to the one of Fig. 6 for the reference position R (ϭ20 deg). Figure  6 shows that the pressure amplitude in the tongue region has a minimum in a range of flow-rates around the best efficiency range, and that it increases fast for both lower and higher flowrates. This is a foreseeable result since only for one capacity ͑at given speed͒ there is a good matching between the flow coming out the impeller and the flow in the volute, with nearly no recirculation through the gap between impeller and tongue. This impeller-volute matching capacity is usually around the best efficiency flow-rate, but can be shifted depending on: ͑a͒ distribution of various losses ͑hydraulic, volumetric, disk friction͒, and ͑b͒ volute geometry ͑mostly spiral shape͒. At off-design conditions however the absolute velocity at the impeller outlet forms a large incidence angle with respect to the mean flow in the volute ͑be-hind the tongue region͒, which leads to big flow disturbances accompanying each blade passage. Figure 7 shows the zero-to-peak amplitude of the pressure fluctuations as a function of the flow-rate and the angular position around the volute. The map of Fig. 7 has been obtained from the evolutions of the pressure amplitude with respect to flow-rate for each of the 36 measurement points. For each flow-rate, the behavior observed is very different from that of the stationary pressure distribution ͑Fig. 4͒. As stated above, in general the pressure fluctuations are comparatively small in the best efficiency region. The maximum amplitudes, which correspond to the region just behind the tongue ͑measurement positions from ϭ10 to 50 deg͒ for very low and high flow-rates, reach a non-dimensional value of 0.05 ͑about 6% of the static pressure rise through the pump for high flow-rates͒. These fluctuation values are up to 50% greater than the fluctuations measured by Parrondo et al. ͓8͔ for the same volute and a slightly smaller impeller ͑190 mm͒, which corresponds to a tongue-impeller gap of 15.8% of impeller radius instead of the present 10%.
Especially for off-design conditions, Fig. 7 presents a modulated pattern along the volute, with node and anti-node positions, somewhat variable with the flow-rate, which is a typical effect of the superposition of correlated waves. Figure 8 shows the time history of the instantaneous pressure ͑only the blade passage frequency component͒ around the volute, during the period between the passage of two consecutive blades in front of the tongue. These results are presented for the flowrates 20%, 60%, 100%, 130%, and 160% of the best-efficiency flow-rate Q N . Bold arrows indicate the angular position of the seven blades ͑pressure side edge on hub shroud͒ along time. For Q/Q N ϭ100% the pressure fluctuations are observed to behave similarly along the whole volute; they are synchronized with the passage of each blade in front of each measurement position, and so the peak values of the fluctuations occur at different instants for each position. These perturbations result from the nonuniform blade-to-blade distribution of the flow coming out the impeller, and their effects are only local.
For off-design conditions, however, the region of the volute close to the tongue presents a simultaneous evolution of the pressure fluctuations, with big amplitudes in the whole region. Indeed, the pressure pulsations around the impeller outlet and volute inlet are the result of the strong interaction between the blades and the tongue, which produces acoustic pressure waves capable of propagating through the pump towards the inlet and outlet pipelines. Chu et al. ͓4͔, who studied a pump operating at 135% of the best efficiency flow-rate, associated the noise production to the impingement on the tongue of the wake behind the passing blades and the associated trains of vortices. Comparing the graphs of Fig.  8 for flow-rates above and below Q N , the fluctuations in the region close to the tongue are seen to be shifted 180 deg from each other. This is related to the shift of the stagnation point on the tongue and the different characteristics of the recirculation flow through the gap. For low flow-rates the alignment of the blades with the tongue coincides with a positive value of the pressure, whereas it coincides with a negative value for the high flow-rates ͑in agreement with ͓4͔͒.
A Simple Acoustic Model
The experimental data obtained suggest that the unsteady pressure field ͑blade passing frequency͒ in the volute results from the combination of: (i) the hydraulic disturbances ͑jet-wake pattern͒ associated to the continuous blade rotation around the volute, and (ii) the intermittent interaction of those disturbances and the volute tongue, which is capable of generating acoustic pressure waves. As an attempt to quantify those two components, a simple acoustic model was considered for the volute, which involves a number of system parameters; these parameters were to be estimated for each different flow-rate, so that the predictions of the model on the peripheral distribution of the pressure fluctuation amplitude p A ͑at the frequency f BP ͒ could be as close as possible to the experimental data of Fig. 7 . In this acoustic model, the interaction between the rotating jet-wake pattern behind the blades and the volute tongue was simulated by means of a number of ideal point sources, each located at some position in the volute. These ideal sources are assumed to radiate plane sound waves ͑at f BP ͒ toward the direction of impeller rotation ͑positive͒ and also toward the opposite direction ͑negative͒. Successive sound circulations along the volute are affected by: (i) divergence ͑duct with variable section͒, (ii) sound emission through the impeller channels toward the inlet of the pump, (iii) partial reflection at the tongue edge for waves travelling in the negative direction, due to the abrupt increment in cross-section, and (iv) sound emission through the outlet pipe for waves arriving at the exit of the volute. No incident sound was considered coming from either the inlet or the outlet pipes of the pump.
A calculation algorithm was developed in which the sound reflected or re-circulated from the tongue edge was simulated by means of new, secondary sound sources, so that the resulting pressure field p ͑at f BP ͒ can be modeled at any angular position as: (tϪ7) ( 1) where ϭ2 f BP , ␣ϭϪ(0.5ϩk E ) for у F , ␣ϭ0.5Ϫk E for Ͻ F and jϭͱϪ1. In Eq. ͑1͒, the term with the P B pressure amplitude represents the contribution of the continuously rotating jet-wake pattern to the pressure fluctuation field, whereas the term with the summatory represents the contribution of the bladetongue interaction. Index F accounts for the different sound sources used, either primary or secondary, P F is the source pressure amplitude, F its angular location and ␤ F the accumulated time phase delay with respect to the fluctuations associated to the blades motion. In order of keeping a reasonable degree of simplicity for the model, the amplitude of the blade pressure fluctuations, P B , was always considered uniform along the volute, in spite of the non-uniformity in the static pressure distribution shown in Fig.  4 for off-design conditions. Other parameters used, constant for all flow-rates, were:
͑i͒ k: angular wave number. It is equivalent to the conventional wave number ͑ϭnumber of waves per meter͒ but relative to angular distances rather than linear distances. For the present case: kϭ0.09 rad Ϫ1 . ͑ii͒ k R : sound pressure reflection coefficient at tongue edge. This coefficient, which takes values between Ϫ1 and 1, represents the fraction of incident pressure waves that become reflected at some specific position, like at a boundary between two media or at an abrupt change in cross-section. The latter is the case of the tongue gap for waves travelling in the negative direction. Under ideal conditions, if the sections before and after the gap are S 0 and S 1 , the pressure reflection coefficient may be shown to be k R ϭ(S 0 ϪS 1 )/(S 0 ϩS 1 ) ͑see reference ͓9͔ for instance͒. Hence, when S 0 ϽS 1 , like in the present case, the sign of k R is negative, which means a phase delay of 180 deg in the reflected waves with respect to the incident sound. The difference between the incident and the reflected sound waves is transmitted to the other side of the tongue, and so a new circulation is produced along the negative direction. The value k R ϭϪ0.81 was adopted for the present case.
͑iii͒ k E : exponent of sound emission through impeller. If the sound energy propagated along the volute conduit was constant then the pressure along the volute would be proportional to the square root of the volute cross-section, i.e., ␣ϭ0.5 in Eq. ͑1͒. However that is not the case because some sound energy is continuously ''lost'' or emitted through the impeller channels toward the impeller inlet. At this position part of the incident sound waves are reflected back toward the volute ͑with about 180 deg of phase shift͒, once again due to the abrupt increment in cross-section. The net proportion of sound energy emitted through the impeller depends on the acoustic impedance of the channels. The effect on the amplitude pressure evolution along the volute is that the exponent ␣ has to be either increased ͑positive propagation͒ or decreased ͑negative propagation͒ from the value 0.5 in a certain amount k E . The value finally adopted, k E ϭ1.4, was found to originate reasonably good results when fitting the experimental data for each flow-rate.
The general trends of the experimental results suggested to consider not one but two primary sound sources to reflect the effect of the blade-tongue interaction. The pressure amplitude ͑P 1 , P 2 ͒, peripheral position ͑ 1 , 2 ͒ and time phase delay ͑␤ 1 , ␤ 2 ͒ for both ideal sources, plus the pressure amplitude P B , were estimated for each flow-rate by means of a least square error procedure. In this procedure both sources were initially considered totally independent, with no relationship between their locations in the volute, amplitudes or relative phase delay: the only common feature was to radiate harmonic sound at the blade passing fre- Transactions of the ASME quency. However, as a result of the process for finding the best fitting of the experimental data, the two primary sources were found to be associated in a dipole-like fashion. Table 1 shows those seven parameters for the seventeen flowrates tested, whereas Fig. 9 shows the estimated distribution of the pressure amplitude together with the corresponding experimental data for several flow-rates. The last column of Table 1 is the statistical determination coefficient, R 2 , defined as:
where P i is the amplitude of the pressure ͑dimensional͒ measured at position i , P( i ) is the amplitude calculated from Eq. ͑1͒, and P is the arithmetic average of the 36 experimental data. This coefficient takes values between Ϫϱ and 1 and gives a measure of the degree of agreement with the Eq. ͑1͒ model for the data fitted, the closer to 1 the better fitting. Bearing in mind that Eq. ͑1͒ assumes implicitly notorious simplifications ͑point sound sources, uniform distribution for P B , simplified geometry . . . ͒, an R 2 coefficient of about 0.9 or greater may be considered satisfactory.
As expected, the pressure amplitudes of both sound sources ͑P 1 and P 2 in Table 1͒ happen to be large at off-design conditions ͑particularly for very low flow-rates͒, thus indicating a strong blade-tongue interaction. Their order of magnitude is up to more than 10 times larger than the order of the blade amplitude fluctuation P B . Also, they are two or three times greater than the maximum pressure amplitude measured for the respective flow-rate. However, P 1 and P 2 are very small for flow-rates between 70% and 100% of Q N , because in the range of the best efficiency point the on-coming flow from the impeller is expected to distribute regularly around the tongue, producing little disturbance. As a result, the R 2 coefficient obtained for that flow range is poorer than for off-design conditions.
For all flow-rates, the angular positions 1 and 2 estimated for the two sound sources ͑Table 1͒ are located in the first quadrant, close to the tongue edge, with a difference between them of about 20 and 30 deg for small and big flow-rates, respectively. Also, the amplitude P 2 is about 70-80% of P 1 , and the phase delays ␤ 1 and ␤ 2 are about 180 deg shifted from each other for both small and big flow-rates. All this suggests that the second sound source actually results from the sound radiation of the former along the adjacent channel of the impeller, followed by a negative reflection at the impeller inlet due to ͑once again͒ the abrupt increment in cross-section. Since these two ideal sound sources are close positioned, have the same order of magnitude and radiate sound with a relative phase delay of about 180 deg, they behave very much like a dipole that radiates harmonic sound at the blade passing frequency ͑no other frequency has been analyzed in this study͒.
Additionally, when comparing the typical value of the same phase delay, either ␤ 1 or ␤ 2 , for both small and big flow-rates, they happen to be shifted about 180 deg, in agreement with the time positions associated to the maximum pressure values in Fig.  8 for different flow-rates.
In summary, the effect of the blade-tongue interaction on the fluctuating pressure field ͑at f BP ͒ in the volute of the pump tested can be reasonably simulated by means of two ideal sound sources that form a dipole, with amplitude that increases fast when diverging from the best-efficiency flow-rate. The positive or negative combination of that sound field with the fluctuations associated to the continuous rotation of the blades leads to the modulated pattern in the pressure amplitude suggested by Figs. 7 and 9 for off-design conditions.
Conclusions
A systematic series of tests have been conducted to measure the dynamic pressure in a number of positions around the single volute of a centrifugal pump with a nondimensional specific speed of 0.48. The analysis focused on the pressure amplitude and phase delay at the blade passage frequency. The pressure fluctuations registered around the volute were found to be very dependent on both angular position and flow-rate; maximum values corresponded to the tongue region for off-design conditions. Comparison of the present data with previous results for a pump with the same volute and a smaller impeller shows that reducing the tongue gap from 15.8% to 10% of the impeller radius leads to an increase in the maximum pressure amplitudes at off design conditions of about 50%.
For a given flow-rate, the data obtained indicate that the pressure fluctuations at any peripheral position along the volute result from the superposition of the perturbations induced by: (i) the passage of each blade in front of that point; and (ii) the passage of each blade in front of the tongue. In order to quantify the effects of this blade-tongue interaction, a simple acoustic model was considered in which two point sources radiate plane sound waves along the volute. The properties obtained for these two ideal sources after fitting the experimental data by means of a least-square error procedure show that they are coupled forming a dipole. This blade-tongue interaction appears to be dominant in the generation of the dynamic pressure field in the volute ͑and the generation of noise͒ for off-design conditions.
